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Multifunctional phototherapy that integrates diagnostic and therapeutic modalities holds the potential to
revolutionize cancer treatment. The near-infrared cyanine dye IR780 is known for its high spatial
resolution imaging capabilities. When conjugated with bovine serum albumin (BSA), it effectively
mitigates common challenges such as photobleaching and fluorescence quenching, making it widely
used in tumor imaging. However, its limited photothermal conversion efficiency hinders its broader
application in tumor therapy. To overcome these limitations, this study presents the design and
development of an imaging-guided multifunctional nanoplatform: mesoporous polydopamine (MPDA)-
BSA@IR780. Our findings demonstrate that MPDA, as a carrier, significantly improves the photostability of
BSA@IR780. Furthermore, MPDA's superior photothermal properties enhance the photothermal efficacy
of the platform, enabling MPDA-BSA@IR780 to function as a dual photothermal therapy (PTT) agent. In
addition to its therapeutic potential, MPDA-BSA@IR780 serves as both a photoacoustic (PA) and
fluorescence (FL) imaging probe, effectively guiding treatment decisions. Cellular assays reveal that
MPDA-BSA@IR780 exhibits a robust photothermal effect, supporting promising therapeutic outcomes. In
vivo studies further demonstrate that, following laser irradiation, MPDA-BSA@IR780 achieves near-
complete tumor ablation without inducing significant toxicity, while also exhibiting excellent
biocompatibility. In conclusion, this study introduces a safe and effective photothermal nanoparticle
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treatment.'” Photothermal therapy (PTT), in particular, has
gained significant interest in tumor research for its low toxicity,
excellent controllability, and high selectivity.*® PTT utilizes

Introduction

Phototherapy diagnostics have attracted increasing attention in

recent years due to their potential to combine real-time diag-
nostic capabilities with localized treatment. Unlike traditional
methods, phototherapy offers a non-invasive approach with
minimal side effects, making it a promising strategy for cancer
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photothermal agents (PTAs) that absorb energy from an
external light source and convert it into heat, inducing cancer
cell death.*® Among various light sources, near-infrared (NIR)
light is the most commonly employed in PTT due to its superior
tissue penetration, resulting in better therapeutic effects in
deeper tissues with less biological interference.® As a result,
NIR-responsive photothermal materials have become widely
utilized in cancer treatment.*

NIR photothermal materials can be classified into inorganic
and organic categories. Inorganic materials, such as carbon-
based nanomaterials," and transition metal sulfides,"” have
shown promise but are limited by concerns over cytotoxicity due
to their poor biodegradability.”® Organic photothermal nano-
materials have gained increasing attention in PTT due to their
tunable structural and photophysical properties, high molar
extinction coefficients in the NIR region, and excellent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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biocompatibility.** On the other hand, organic photothermal
nanomaterials, including small organic molecules and poly-
mers, offer several advantages: tunable structural and photo-
physical properties, high molar extinction coefficients in the
NIR region, and excellent biocompatibility. Organic materials,
such as cyanine dyes, have been widely explored for their
potential in PTT. However, the use of free cyanine dyes is
limited by challenges such as strong hydrophobicity, poor
photostability, self-quenching effects, and potential side
effects.’'® Therefore, strategies to overcome these limitations
are crucial for enhancing the potential of cyanine dyes in cancer
diagnosis and therapy.

One promising solution involves covalently binding cyanine
dyes to specific domains of albumin, forming a stable albumin-
dye complex that can be used for tumor imaging.'”** Albumin,
as a carrier, can prolong the circulation time of the dye mole-
cules in vivo, leading to a stable and durable imaging probe.*
The albumin@dye complex also enhances the brightness and
quantum yield (QY) of the dye,'®* reduces self-quenching,*®
extends the imaging duration,” and improves solubility.*
While the albumin@dye complex holds promise as a long-term
imaging probe in fluorescence imaging, its limited photo-
thermal conversion efficiency restricts its use in tumor therapy.
Therefore, developing strategies to enhance the photothermal
efficacy of albumin@dye complex is essential for better inte-
grating phototherapy with diagnostics.

Polydopamine (PDA), a widely used biomaterial, has gained
attention for its potential in drug delivery systems and photo-
thermal therapy. However, due to limited efficacy, mesoporous
polydopamine nanoparticles (MPDA), which possess an
inherent porous structure and enhanced photothermal prop-
erties, have garnered increasing interest in cancer diagnosis
and therapy.*"** Studies have shown that MPDA nanoparticles
not only enable effective drug delivery but also exhibit
remarkable photothermal conversion abilities,>** making
them ideal candidates for integrating photothermal therapy
with diagnostic imaging.

In this study, we explore the development of a multifunc-
tional diagnostic nanoplatform using MPDA as the carrier.
Bovine serum albumin (BSA) was conjugated with the cyanine
dye IR780 to form a BSA@IR780 complex. This complex was
then loaded onto the MPDA nanoparticles, resulting in the
formation of the MPDA-BSA@IR780 nanoplatform. The MPDA-
BSA@IR780 nanoplatform offers several key advantages: (1)
Enhanced photostability: MPDA improves the photostability of
the BSA@IR780 complex, enhancing its effectiveness in both
photothermal therapy and fluorescence imaging. (2) Improved
photothermal effect: MPDA's strong photothermal properties
address the limited photothermal response of BSA@IR780,
thereby enhancing the therapeutic efficacy in tumor treatment.
When exposed to an 808 nm laser, the MPDA-BSA@IR780
nanoplatform induces thermal ablation of tumors both in
vitro and in vivo, while ensuring biosafety. By integrating diag-
nostics with therapy, the MPDA-BSA@IR780 nanoplatform not
only improves treatment precision but also enhances anti-
tumor effects, fully leveraging the potential of imaging-guided
photothermal therapy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Materials

Dopamine hydrochloride (DOPA, 99%) was purchased from
Aladdin Reagent Co. Pluronic® F-127 (F127, 98%) and IR780
were obtained from Sigma-Aldrich Co. LLC (USA). Dulbecco's
Modified Eagle's Medium (DMEM) and fetal bovine serum (FBS)
were purchased from BasalMedia (Shanghai, China). Trypsin-
EDTA and penicillin-streptomycin were sourced from Solarbio
(Shanghai, China). The Cell Counting Kit (CCK-8) was
purchased from GEN-VIEW SCIENTIFIC Inc. (USA). PBS buffer
(pH 7.4) was obtained from Zsbio (Beijing, China). The Calci-
neurin AM/PI live/dead assay kit was purchased from Shanghai
Beyotime Biotechnology Institute. All chemicals are analytical
grade and were used without further purification. Deionized
water was used in all experiments.

Cells and animals

Mouse breast cancer cells (EMT6) and human normal lung
epithelial cells (Beas2b) were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Both cell lines
were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
(BasalMedia, Shanghai, China), supplemented with 10% (v/v)
fetal bovine serum (FBS) (BasalMedia, Shanghai, China) and
1% (v/v) penicillin/streptomycin (Solarbio, Shanghai, China).
The cells were maintained in a humidified incubator at 37 °C
with 5% CO,. For the animal experiments, 6-8 weeks-old female
BALB/C mice were used. The mice were purchased from Zhuhai
Biotest Biotechnology Co. (Zhuhai, China) and housed in the
animal facility of the Affiliated Guangdong Second Provincial
General Hospital of Jinan University under standard conditions.
The animals were kept on a 12 hours light/dark cycle, with an
ambient temperature of 22 + 2 °C and relative humidity
maintained between 40 and 60%. All animal handling and
experimental procedures were approved by the Experimental
Animal Management Committee of the Affiliated Guangdong
Second Provincial General Hospital of Jinan University (Permit
Number: 2023-DW-KZ-074).

Synthesis of MPDA NPs, BSA@IR780, MPDA-BSA@IR780 NPs

The MPDA NPs was synthesized by a reported process.”® F127
(0.1 g), dopamine hydrochloride (0.15 g), ultrapure water (5 mL),
and ethanol (5 mL) were mixed and sonicated to dissolve and
disperse the components into a uniform solution. Then, 200 pL
of homotrimethylbenzene was added to the solution, followed
by further sonication to ensure the formation of a homoge-
neous mixture. Next, an alkaline solution of ammonia (375 pL)
was added, triggering the polymerization of dopamine into
polydopamine (PDA). The reaction mixture was stirred at room
temperature for 2 hours to allow for complete polymerization.
After polymerization, the product was collected by centrifuga-
tion (13 000 rpm, 15 min). The solid was washed three times:
once with ethanol and twice with ultrapure water. The collected
precipitate was then dispersed in a mixed solution of ethanol
and ultrapure water (5 mL each). This dispersion was trans-
ferred to an autoclave reactor and heated at 100 °C for 24 hours.

Nanoscale Adv., 2025, 7, 2182-2194 | 2183


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00008d

Open Access Article. Published on 19 February 2025. Downloaded on 10/24/2025 10:13:41 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

Following the hydrothermal treatment, the product was again
collected by centrifugation, and the final product, black MPDA
nanospheres, was obtained by vacuum drying.

BSA®@IR780 was prepared following a previously reported
procedure.”® BSA was dissolved in phosphate-buffered saline
(PBS) at a concentration of 200 uM, and IR780 was dissolved in
dimethyl sulfoxide (DMSO) at a concentration of 20 mM. Next,
50 uL of the 20 mM IR780 solution was added to 5 mL of the 200
UM BSA solution, achieving a dye-to-protein molar ratio of 1: 1,
meaning one IR780 dye molecule per BSA molecule. The
mixture was then incubated in a constant-temperature water
bath oscillator at 50 °C for 2 hours. After the reaction, the
resulting product was BSA@IR780.

To prepare MPDA-BSA@IR780 nanoparticles, MPDA was first
dispersed in deionized (DI) water and sonicated to ensure
uniform distribution of the nanoparticles in the solution.
Subsequently, 1 mL of BSA@IR780 solution was added to the
MPDA dispersion, resulting in the formation of MPDA-
BSA@IR780 nanoparticles. The mixture was then stirred
mechanically in the dark for 12 hours. After stirring, the solu-
tion was centrifuged to isolate the formed MPDA-BSA@IR780
nanoparticles. Finally, the nanoparticles were stored at 4 °C
for future use.

Characterization

Absorption spectra were recorded using a UV-3600 UV-vis
spectrophotometer (Shimadzu, Japan). Fluorescence emission
spectra were measured on an FS5 fluorescence spectropho-
tometer (Edinburgh Instruments, UK) with an excitation wave-
length of 764 nm and a slit width of 3 nm. Emission was
scanned over the wavelength range of 780-900 nm with a slit
width of 2.5 nm. The size distribution and zeta potential of the
nanoparticles were determined using a Zetasizer Nano-ZS
(Malvern, UK). Morphological and microstructural analysis of
the nanoparticles was conducted using a Tecnai G20 trans-
mission electron microscope (FEI, USA) at an accelerating
voltage of 200 kV and a Hitachi scanning electron microscope
(Hitachi, Japan) at an accelerating voltage of 3 kV.

In vitro fluorescent properties

Fluorescence performance was evaluated by recording emission
spectra using an Edinburgh Instruments FS5 spectrometer,
with excitation provided by a 764 nm laser. The emission
spectra of IR780 and BSA@IR780, both at the same concentra-
tion, were measured in the range of 780-860 nm. Additionally,
the fluorescence spectra of MPDA-IR780 and MPDA-BSA@IR780
were assessed, with MPDA serving as the control group. To
evaluate fluorescence stability, the emission spectra were
recorded every minute during continuous laser irradiation
(808 nm, 1 W cm ?), and the fluorescence intensity decay of
IR780, BSA@IR780, and MPDA-BSA@IR780 was compared.

In vitro photothermal properties

The photothermal conversion performance was assessed by
irradiating pure water, MPDA, and MPDA-BSA@IR780 solutions
for 5 minutes using a near-infrared laser (808 nm, 1 W cm™?),
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with pure water serving as the control. Subsequently, a 300 pg
mL " solution of MPDA-BSA@IR780 was irradiated for 5 minutes
under varying power densities (0.5 W cm ™2, 0.75 W ecm 2, and
1 W cm ). Additionally, different concentrations of MPDA-
BSA@IR780 (100, 200, 300, and 400 pg mL ") were irradiated
for 5 minutes. Temperature changes were monitored and recor-
ded throughout the experiments using a FLUKE Ti32 thermal
imaging camera (Fluke, USA). The photothermal stability of
MPDA-BSA@IR780 and MPDA-IR780 was evaluated under four
laser irradiation on/off cycles (4 minutes of irradiation followed
by a 3 minutes pause). The photothermal conversion efficiency
(m) was calculated using the following equation.

_ hS(Tmax - T‘sur) - Qdis
o I(1— 10

n

m;Cu,0
hs = ——

Ts

Qdis = hS(Tmax,HJO - Tsur)

t = —151n(0)

T — Tsur

0=
Tmax - Tsur

where & is the thermal conductivity, s is the laser irradiation
area, Thmax is the maximum equilibrium temperature, and Ty, is
the ambient temperature, and Qg;s represents the heat dissi-
pation from the solvent and container, while I is the laser power.
Agog refers to the absorbance of the material at a wavelength of
808 nm. m; is the mass of the deionized water, and Cy o is the
heat capacity of deionized water (4.2 J g~* °C™).

Hemolysis assay

Peripheral blood was collected from the veins around the eyes of
BALB/c mice into anticoagulation tubes. Different concentra-
tions of MPDA-BSA@IR780 (25, 50, and 100 pg mL ') were
prepared in EP tubes. PBS was used as a negative control, and
ultrapure water as a positive control, with 20 pL of peripheral
blood added to each tube. The samples were incubated for 1
hour at 37 °C, then centrifuged at 2500 rpm for 5 minutes. The
resulting supernatant was carefully transferred to a 96-well
plate, and the absorbance at 450 nm was measured using
a microplate reader. The hemolysis rate was calculated as
follows: [ODgampie — ODpgs group)/[ODw,0 — ODpgs group] X 100%.

Cellular uptake assay

The uptake of MPDA-BSA@IR780 by EMT6 cells was quantita-
tively assessed using flow cytometry. EMT6 cells (5 x 10* cells
per well) were seeded into 6-well plates and incubated over-
night. The original medium was then replaced with fresh
medium containing MPDA-BSA@IR780 (100 ug mL '), and the
cells were incubated for various time points (1, 2, 4, and 6

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hours). Following incubation, cells were digested with trypsin,
washed with PBS, and collected by centrifugation. The cells
were resuspended in PBS, and the uptake of MPDA-BSA@IR780
was quantified by measuring the average proportion of cellular
uptake using flow cytometry (ATTUNE NXT, Thermo Fisher
Scientific, USA).

Evaluation of cytotoxicity and photocytotoxicity

To evaluate the toxicity and photothermal effects of MPDA-
BSA@IR780, cell viability was assessed using the CCK-8 assay.
EMTS6 cells were seeded into 96-well plates and incubated at 37 ©
C in a 5% CO, atmosphere for 24 hours. Then, different
concentrations of MPDA and MPDA-BSA@IR780 (6.25, 12.5, 25,
50, and 100 pg mL ') were added, and the cells were further
incubated for 24 hours. Alternatively, after 6 hours of incuba-
tion with different concentrations of MPDA and MPDA-
BSA@IR780, cells were subjected to 808 nm laser irradiation
(1 W em™?) for 5 minutes, followed by an additional 24 hours
incubation. To assess the biocompatibility of the nanoparticles
with normal cells, Beas2b cells were incubated with various
concentrations of MPDA and MPDA-BSA@IR780 (6.25, 12.5, 25,
50, and 100 pg mL ") for 24 hours. Afterward, 10 pL of CCK-8
solution was added to each well, and the cells were incubated
for an additional 1 hour. Absorbance (OD) at 450 nm was
measured using a microplate reader. The cell viability was
calculated using the following formula: [(ODexperimental group —
ODpank group)/(ODcontrol group — ODpank group)] x 100%.

Calcein AM/PI staining

The combined use of calcein AM and PI enables dual fluores-
cence staining to assess cell viability and cytotoxicity by dis-
tinguishing live and dead cells. First, EMT6 cells were seeded
into 48-well plates and incubated overnight until they adhered
to the surface. Then, 100 pg mL~* MPDA-BSA@IR780 was added
for 6 hours (with PBS as a control), followed by irradiation with
an 808 nm laser at 1 W cm ™2 for 5 minutes. The cells were then
incubated for an additional 24 hours. After incubation, EMT6
cells were stained using the calcein AM/PI kit for 30 minutes,
washed with PBS, and imaged under an inverted fluorescence
microscope.

Tumor bearing mouse model

To study the biodistribution of MPDA-BSA@IR780, a 100 pL

suspension of EMT6 cells was injected into the right flank of

female BALB/c mice, and the tumors were allowed to grow until

the volume reached approximately 200 mm?®. Anti-tumor treat-

ment was initiated once the tumor volume reached approxi-

mately 100 mm?. Tumor growth was monitored periodically
ax b

using the following formula: V = , where a is the tumor

length and b is the tumor width.

In vivo fluorescence imaging

EMT6 cells (1 x 10> cells per mouse) were subcutaneously
inoculated into the right flank of mice. Once the tumors

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reached an appropriate size, 100 pL of 4 mg kg ' MPDA-
BSA@IR780 was administered via tail injection.
Following anesthesia with sodium pentobarbital, fluorescence
imaging of the mice was performed using the IVIS Lumina
Series Il Imaging System (PerkinElmer, Baltimore, MD, USA) at
time points of 1, 4, 8, 12, and 24 hours. In vivo fluorescence
images of the mice and the fluorescence intensity within the
tumor region were analyzed using Living Image 4.5.2 software.
The excitation and emission wavelengths of MPDA-BSA@IR780
were 720 nm and 790 nm, respectively.

vein

In vivo photoacoustic imaging

To investigate the potential of MPDA-BSA@IR780 as a photo-
acoustic (PA) contrast agent, various concentrations of MPDA-
BSA@IR780 solutions (200, 400, 800, and 1000 ug mL ") were
first tested using a PA imaging system (VisualSonics, Co., Ltd).
For in vivo PA imaging, 100 uL of 4 mg kg ' MPDA-BSA@IR780
was administered via tail vein injection. Following anesthesia
with sodium pentobarbital, photoacoustic imaging of the mice
was performed at 1, 4, 8, 12, and 24 hours post-injection using
the PA Imaging System (VisualSonics, Co., Ltd).

In vivo photothermal therapy

Mice with an initial tumor volume of 100 mm?® were randomly
assigned to four experimental groups: a control group, a laser
group, an MPDA-BSA@IR780 group, and an MPDA-BSA@IR780
+ laser group, with five mice in each group. Administration: tail
vein, the dose of MPDA-BSA@IR780 was 4 mg kg™, 100 uL per
mouse. Shift: every three days, four times in total. For the laser
treatment groups, mice were subjected to laser irradiation
(1.0 W ecm™2, 5 minutes) after 12 hours injection. Tumor
temperature during irradiation was monitored using a thermal
imager. Tumor volume and body weight were recorded
throughout the treatment period. After 12 days, the mice were
euthanized, and serum was collected for analysis of clinically
relevant biochemical parameters. Major organs and tumors
were harvested and weighed for further examination.

Histological examination

At the end of the study, all mice were euthanized, and major
organs (heart, liver, spleen, lungs, kidneys) and tumors were
harvested. These tissues were fixed in 4% formaldehyde solu-
tion. After fixation, the tumors and organs underwent a dehy-
dration process, followed by embedding in paraffin. The
sections were stained with hematoxylin and eosin for general
histological analysis, and tumor apoptosis was evaluated using
the terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) assay.

Statistical analysis

All results were presented as means + standard deviation (SD).
Student's t-test and one-way analysis of variance (ANOVA) were
used to analyze statistical significance (*P < 0.05, ¥*¥*P < 0.01, and
#*%p < 0,001).
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Results and discussion
Construction and characterization of MPDA-BSA@IR780

The synthesis route for MPDA-BSA@IR780 is illustrated in
Fig. 1. Initially, MPDA nanoparticles were synthesized by self-
polymerization under alkaline conditions, using dopamine
monomer as the precursor. Next, the BSA@IR780 probe was
prepared using a previously reported method,* and subse-
quently loaded into the MPDA nanoparticles to form the MPDA-
BSA@IR780 composite. Field Emission Scanning Electron
Microscopy (FESEM) and Transmission Electron Microscopy
(TEM) images (Fig. 2a and b) revealed the morphology of the as-
prepared MPDA nanoparticles, which were spherical in shape
with a distinct mesoporous structure. The TEM image of MPDA-
BSA@IR780 (Fig. 2c) showed that the composite particles
retained a spherical morphology with an average diameter of
approximately 170 nm. Energy Dispersive Spectroscopy (EDS)
electron mapping (Fig. 2d and e) demonstrated a uniform
distribution of C, N, and O elements across the nanoparticles,
while CI was localized within the particles. X-ray Photoelectron
Spectroscopy (XPS) analysis (Fig. 2i) confirmed the presence of
Cl in addition to C, N, and O, verifying the successful incorpo-
ration of BSA@IR780 into the composite. The UV-vis spectra of
pure MPDA and MPDA-BSA@IR780 (Fig. 2f) showed a signifi-
cant increase in absorption at 800 nm for the MPDA-
BSA@IR780 nanoparticles, compared to pure MPDA, confirm-
ing the successful loading of BSA@IR780. This enhanced
absorption in the NIR region indicated that the combination of
MPDAand BSA@IR780 effectively improved their photothermal

View Article Online
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performance. Dynamic light scattering (DLS) analysis (Fig. 2g)
revealed that the average hydrodynamic size of MPDA is
220 nm, while the hydrodynamic size of MPDA-BSA@IR780 is
230 nm, which is slightly higher than that of MPDA. The
discrepancy between the TEM and DLS measurements is likely
due to hydration-induced swelling observed in the DLS analysis.
Additionally, the zeta potential of the nanoparticles was evalu-
ated (Fig. 2h). The MPDA nanoparticles exhibited a zeta
potential of —33.53 mV, which slightly increased to —32.1 mV
after BSA@IR780 loading. The high negative charge of the
MPDA-BSA@IR780 nanoparticles contributed to their excellent
stability in biological environments, preventing adsorption by
plasma proteins and other biomolecules. Based on the
concentration standard fitting curve of IR780 (Fig. S1t), the
drug loading of MPDA-BSA@IR780 was calculated to be 37.8%.

Evaluation of the fluorescence performance of MPDA-
BSA@IR780

The combination of chlorine-containing cyanine dyes with
proteins facilitated a distorted intramolecular charge transfer
(FICT) process, significantly enhancing both the brightness and
photostability of the system.*” Due to its poor water solubility
and the aggregation-caused quenching (ACQ) effect, free IR780
exhibited weak fluorescence. However, this quenching effect
was notably alleviated by binding IR780 to BSA (Fig. S27),
leading to a substantial increase in fluorescence intensity
(Fig. 3a and b). Furthermore, compared to IR780-loaded MPDA
and MPDA alone, the MPDA-BSA@IR780 complex-
incorporating BSA-coated IR780-demonstrated a significant

¥

( BSA@IR780 )

” i, TMB
=
HO F127

2h

% >45°C
® 9 0
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Fig. 1
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[lustration of the synthesis and photothermal therapy of mesoporous polydopamine (MPDA)-BSA@IR780.
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Fig.2 (a) Field emission scanning electron microscopy (FESEM) image of MPDA. (b) Transmission electron microscopy (TEM) image of MPDA. (c)

TEM image of MPDA-BSA@IR780. (d) Elemental mapping of carbon (C), nitrogen (N), oxygen (O), and chlorine (Cl) in MPDA-BSA@IR780. (e)
Energy-dispersive X-ray spectroscopy (EDS) spectrum of MPDA-BSA@IR780. (f) UV-visible absorption spectra of MPDA and MPDA-BSA@IR780.
(g9) Hydrodynamic size distribution of MPDA and MPDA-BSA@IR780. (h) Zeta potential measurements of MPDA and MPDA-BSA@IR780. (i) X-ray
photoelectron spectroscopy (XPS) full spectrum of MPDA and MPDA-BSA@IR780.

enhancement in fluorescence intensity (Fig. 3c, d and S37),
making it more suitable for fluorescence imaging applications.
These results confirm the effectiveness of the protein-coating
strategy, which greatly boosted the fluorescence intensity of
MPDA-BSA@IR780. The photostability of free IR780,
BSA@IR780, and MPDA-BSA@IR780 was also evaluated under
continuous laser irradiation (Fig. 3e). The data revealed that the
half-life of free IR780 was under 4 minutes, while BSA@IR780
exhibited a half-life of approximately 11 minutes. In contrast,
MPDA-BSA@IR780 demonstrated exceptional photostability,
with a half-life exceeding 23 minutes. Additional verification of
photostability was obtained through UV-visible spectroscopy
(Fig. S51), which showed that BSA binding significantly
enhanced the photostability of IR780, with further improve-
ment achieved by using MPDA as a carrier. Finally, NIR fluo-
rescence images of MPDA-BSA@IR780 at varying
concentrations (50, 100, 200, and 400 pg mL ') were captured
using the IVIS imaging system (Fig. 3f).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Assessment of the photothermal properties of MPDA-
BSA@IR780

To evaluate the photothermal properties of MPDA-BSA@IR780,
temperature changes were monitored using a thermal imager.
The photothermal effects of both MPDA and MPDA-BSA@IR780
were quantitatively analyzed under NIR irradiation (808 nm,
1 W cm™?). After continuous irradiation, the temperature of the
MPDA-BSA@IR780 solution increased by 26.7 °C, MPDA
showed a rise of 15.6 °C, and the aqueous solution exhibited
only a slight increase of 0.6 °C (Fig. 4a). While the temperature
of the BSA@IR780 solution increased by only 7.6 °C before
beginning to decrease (Fig. S4t). Thermal images under NIR
irradiation were also captured (Fig. 4b). These results clearly
demonstrated that MPDA-BSA@IR780 exhibited a significant
photothermal effect, consistent with its UV absorption spectra.
Furthermore, the photothermal effect of MPDA-BSA@IR780 was
found to depend on both the irradiation intensity and the
concentration (Fig. 4c and d), with the temperature increase in
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Fig. 3 (a) Fluorescence emission spectra of IR780 and BSA@IR780. (b) Comparison of fluorescence intensity between BSA@IR780 and free
IR780. (c) Fluorescence emission spectra of MPDA, MPDA-IR780, and MPDA-BSA@IR780. (d) Comparison of fluorescence intensity between
MPDA, MPDA-IR780, and MPDA-BSA@IR780. (e) Photostability of IR780, BSA@IR780, and MPDA-BSA@IR780 under continuous laser irradiation
(808 nm, 1 W cm™2). (f) Near-infrared (NIR) images of MPDA-BSA@IR780 at varying concentrations in EP tubes.

the solution correlating with higher irradiation power and heating-cooling cycle temperature change (Fig. 4e), while the

concentration. PCE of the MPDA carrier alone was only 20.54% (Fig. S67).
The photothermal conversion efficiency (PCE, 1) of MPDA- The photothermal stability of MPDA-BSA@IR780 was further

BSA@IR780 was calculated to be 29.11% based on the initial assessed (Fig. 4f), demonstrating minimal temperature
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Fig. 4 (a) Temperature changes of water, MPDA, and MPDA-BSA@IR780 upon exposure to an 808 nm laser (1 W cm~2). (b) Infrared thermal
images of water, MPDA, and MPDA-BSA@IR780. (c) Temperature profiles of MPDA-BSA@IR780 at various power densities (0.5, 0.75, and 1.0 W
cm~2) under 808 nm laser irradiation. (d) Temperature profiles of MPDA-BSA@IR780 at different concentrations (100, 200, 300, and 400 pg
mL~%) under 808 nm laser irradiation. (e) Photothermal conversion efficiency (PCE) of MPDA-BSA@IR780 at a concentration of 300 pg mL™* and
an irradiation power of 1 W cm™2. (f) Temperature variations of MPDA-BSA@IR780 and MPDA-IR780 during four heating and cooling cycles.
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variation and high stability over four heating and cooling cycles.
Additionally, the maximum temperature of MPDA did not
decrease after multiple cycles (Fig. S61), indicating that MPDA is
a reliable photothermal carrier. In contrast, the temperature of
the MPDA-IR780 solution gradually decreased over successive
cycles, suggesting that the BSA coating on IR780 in MPDA-
BSA@IR780 effectively enhanced its photothermal stability
and reproducibility, thereby offering superior photostability.

In vitro cellular assays

The effective intracellular uptake of MPDA-BSA@IR780 is
essential for its application in breast cancer therapy. To evaluate
the cellular uptake of MPDA-BSA@IR780, EMT6 cells were
incubated with the complex for various durations, and the
uptake was quantified by flow cytometry (FCM). Quantitative
analysis revealed that the proportion of cellular uptake
increased with longer incubation times (Fig. 5a), while the

a
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percentage of cells exhibiting uptake also gradually rose
(Fig. 5b), indicating efficient internalization of MPDA-
BSA@IR780 into EMT6 cells via endocytosis. The cytotoxicity
of MPDA and MPDA-BSA@IR780 in EMT6 cells was assessed
using a CCK-8 assay, both with and without 808 nm laser irra-
diation. After 24 hours of incubation without laser treatment,
both MPDA and MPDA-BSA@IR780 exhibited minimal toxicity,
demonstrating good biocompatibility of both the MPDA carrier
and the MPDA-BSA@IR780 formulation (Fig. 5c¢). To further
assess biocompatibility with healthy cells, the cytotoxicity of
MPDA and MPDA-BSA@IR780 was tested on Beas-2B cells, with
results indicating negligible cytotoxicity (Fig. S7t). Under laser
irradiation, however, MPDA-BSA@IR780 exhibited significantly
higher cytotoxicity than MPDA at the same concentration
(Fig. 5d). At a concentration of 100 pg mL ™", 33% of the cells
survived after treatment with MPDA-BSA@IR780, compared to
55% survival in cells treated with MPDA alone. These results

b
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Fig. 5

(a) Flow cytometry analysis of EMT6 cells incubated with MPDA-BSA@IR780 for different time points. (b) Corresponding proportion of

cellular uptake at each time point. (c) Cell viability of EMT6 cells after 24 hours of incubation without 808 nm laser irradiation. (d) Cell viability of
EMT6 cells after 24 hours of incubation under 808 nm laser irradiation (1 W cm™2, 5 min). (e) AM/PI live—dead double staining of EMT6 cells
following treatment with PBS or MPDA-BSA@IR780 under 808 nm laser irradiation (1 W cm™2, 5 min). Scale bar = 100 um.
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suggest that laser irradiation effectively enhances the photo-
cytotoxicity of MPDA-BSA@IR780. Additionally, live-dead
staining experiments using calcein AM and propidium iodide
(PI) confirmed the enhanced tumoricidal activity of MPDA-
BSA@IR780. As shown in Fig. 5e, cells treated with MPDA-
BSA@IR780 under irradiation exhibited substantial cell death,
while control cells treated with PBS showed no significant cell
death, regardless of laser exposure. Unirradiated MPDA-
BSA@IR780-treated cells also exhibited survival, consistent
with the cytotoxicity data. Collectively, these results highlight
the promising potential of MPDA-BSA@IR780 for photothermal
therapy.

In vivo biodistribution experiments

Nanoprobes with imaging guidance are essential tools for
enhancing therapeutic precision. To assess the distribution of
MPDA-BSA@IR780 within organisms, we systematically evalu-
ated its in vitro and in vivo PA imaging performance. The results
demonstrated that the PA signal of MPDA-BSA@IR780
increased linearly with rising concentrations of the nano-
spheres (Fig. 6a). For in vivo imaging, MPDA-BSA@IR780 was
intravenously administered to EMT6 tumor-bearing mice, and
tumor imaging was performed at specified time points. Over
time, MPDA-BSA@IR780 progressively accumulated at the
tumor site, with the most pronounced signal observed at 12
hours post-injection (Fig. 6b). Notably, the PA signal intensity at
12 hours was 2.9 times higher than at 1 hour post-injection
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(Fig. 6¢), confirming that MPDA-BSA@IR780 is an effective PA
contrast agent for tumor imaging. To further validate the
distribution of MPDA-BSA@IR780 in vivo, we assessed its
tumor-targeting capability by monitoring fluorescence at the
tumor site using a small animal imaging system. As shown in
Fig. 6d and e, fluorescence accumulation at the tumor reached
its peak at 12 hours, which aligned with the PA imaging results.
Subsequently, non-specific fluorescence accumulation at other
sites gradually decreased, while the fluorescence at the tumor
site remained detectable for up to 24 hours. These findings not
only highlight the efficient in vivo accumulation of MPDA-
BSA@IR780 but also confirm its potential as a diagnostic
imaging agent, providing accurate tumor localization
information.

In vivo evaluation of the phototherapeutic efficacy

In vitro therapeutic effects of MPDA-BSA@IR780 were prom-
ising, prompting further investigation into its in vivo photo-
thermal therapeutic potential. EMT6 tumor-bearing mice were
randomly divided into four groups: the PBS group, the PBS +
laser group, the MPDA-BSA@IR780 group, and the MPDA-
BSA@IR780 + laser group. To assess the in vivo photothermal
effect of the nanoparticles, an infrared thermal imaging system
was used to record both infrared images and temperature
changes at the tumor site (Fig. 7a and b). Upon intravenous
injection of MPDA-BSA@IR780 followed by NIR laser irradiation
(808 nm, 1 W cm ™2, 5 min), the temperature at the tumor site
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(a) In vitro photoacoustic (PA) imaging of MPDA-BSA@IR780 at varying concentrations, along with a linear regression analysis of MPDA-

BSA@IR780 concentration versus PA intensity. (b) PA images of tumor regions at different time points, and (c) corresponding quantitative analysis
of PA intensity. (d) Fluorescence images of mice at different time intervals (1, 4, 8, 12, and 24 hours) following intravenous injection of MPDA-
BSA@IR780, and (e) corresponding quantitative analysis of fluorescence intensity in the tumor region.
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Fig. 7 (a) Thermal images of tumor-bearing mice injected with PBS or MPDA-BSA@IR780, subjected to 808 nm laser irradiation (1 W cm™2, 5
min). (b) Temperature variations in tumor-bearing mice following 808 nm laser irradiation. (c) Changes in relative tumor volume in mice following
different treatments. (d) Final tumor tissue weight extracted from euthanized mice 12 days post-treatment. (e) Tumor morphology observed in
tissue samples from euthanized mice after 12 days of treatment. (f) H&E-stained and TUNEL-stained images of tumor sections from each

treatment group, scale bar = 100 pum.

rapidly increased to 62 °C within 5 min, leading to tumor
ablation. In contrast, no significant photothermal effect was
observed in the PBS group, suggesting that the accumulation of
MPDA-BSA@IR780 particles at the tumor site, coupled with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

photostable photothermal therapy effect, is key to the observed
therapeutic outcomes. To evaluate the anti-tumor effect of
photothermal therapy, tumor growth was monitored in mice.
Tumors in the control groups grew rapidly, while in the MPDA-
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BSA@IR780 group subjected to NIR irradiation, tumor volume
gradually decreased over time (Fig. 7c). This trend was further
confirmed by the significant differences in tumor weight
between groups (Fig. 7d) and visual inspection of isolated
tumors (Fig. 7e), which collectively indicate the substantial anti-
tumor effects of MPDA-BSA@IR780 combined with laser treat-
ment. To assess the impact of photothermal therapy on tumor
cell apoptosis, H&E staining and TUNEL assays were performed
on resected tumor tissues. H&E-stained tumor sections from the
MPDA-BSA@IR780 + laser group showed extensive cellular
damage, with significant necrosis, whereas tumors from the
other groups maintained well-organized structures with intact
nuclei (Fig. 7f). Similarly, TUNEL staining revealed a signifi-
cantly higher number of apoptotic cells in the MPDA-

View Article Online
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BSA@IR780 + laser group, further confirming the induction of
apoptosis (Fig. 7f). Overall, these results suggest that MPDA-
BSA@IR780, when combined with laser irradiation, provides
a significant phototherapeutic effect capable of inhibiting
tumor growth through hyperthermic ablation.

Safety assessment

As shown in Fig. 8a, all groups of mice exhibited a consistent
increase in body weight over time, suggesting that MPDA-
BSA@IR780 demonstrates good biocompatibility and low
toxicity. This observation was further supported by hemolysis
assays (Fig. 8b). The biosafety of the treatment groups was also
evaluated through serum biochemical and routine blood assays.
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Fig. 8

(a) Changes in the body weight of mice over 12 days following different treatments. (b) Blood safety assessment for various concentrations

of MPDA-BSA@IR780. (c—e) Serum biochemical analyses of blood urea nitrogen (BUN), alkaline phosphatase (ALP), and aspartate transaminase
(AST). (f) Hematoxylin and eosin (H&E) staining images of the main organs (heart, liver, spleen, lungs, kidneys) in tumor-bearing mice after

different treatments, scale bar = 100 um.
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No significant differences were observed between the PBS and
MPDA-BSA@IR780 + laser groups in terms of serum levels of
blood urea nitrogen (BUN), alkaline phosphatase (ALP), and
aspartate transaminase (AST), as well as blood cell parameters
such as plateletcrit (PCT), mean corpuscular hemoglobin
concentration (MCHC), and granulocyte (Gran) (Fig. 8c-e, and
S8t). To assess the potential effects of MPDA-BSA@IR780 on
organ health, tissues from the heart, liver, spleen, lungs, and
kidneys of each mouse were dissected and stained with hema-
toxylin and eosin (H&E) (Fig. 8f). Notably, the MPDA-
BSA@IR780-treated group exhibited results similar to the
control group, with almost no observable lesions in the organs,
indicating that MPDA-BSA@IR780 has favorable biosafety for in
vivo use and does not adversely affect the morphology of major
organs. Collectively, these findings demonstrate that MPDA-
BSA@IR780 possesses excellent biocompatibility and holds
promise for potential therapeutic applications.

Conclusions

In summary, we successfully developed a new multifunctional
diagnostic nanoplatform, MPDA-BSA@IR780, for PA/FL dual
imaging-guided photothermal therapy. This nanosphere, which
was uniformly sized and structurally stable, could efficiently
accumulate in tumor tissues. Notably, compared to MPDA-
IR780, the incorporation of BSA reduced the self-quenching
effect of IR780, enhancing the photostability and fluorescence
imaging capabilities of MPDA-BSA@IR780. Additionally,
combining the MPDA carrier with the BSA@IR780 probe opti-
mized their individual strengths, facilitating the construction of
an integrated diagnostic platform. When compared to MPDA,
MPDA-BSA@IR780 exhibited a higher photothermal effect,
overcoming the limited photothermal capability of BSA@IR780.
Under laser irradiation, temperature exceeding 55 °C was
sufficient to induce tumor cell death. Furthermore, the MPDA
carrier improved fluorescence stability, providing an extended
imaging window. Both in vitro and in vivo treatments with
MPDA-BSA@IR780 yielded excellent results, including superior
imaging performance. Biosafety assessments, including blood
biochemical tests and histological analysis, confirmed the good
biocompatibility of MPDA-BSA@IR780. Therefore, we believe
that MPDA-BSA@IR780 held significant potential for tumor
therapy and offered promising new perspectives for multi-
functional tumor diagnosis and treatment. We anticipated that
the development of other therapeutic nanoplatforms with
diverse structures and mechanisms would further enhance the
clinical translation potential of such technologies.
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